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Abstract 

We consider the universal extra dimensions scenario of Appelquist, Cheng, 
and Dobrescu, in which all of the SM fields propagate into one extra compact 
dimension, estimated therein to be as large as ~ (350 GeV) -1 . Treedevel KK 
number conservation dictates that the associated KK excitations can not be 
singly produced. We calculate the cross sections for the direct production of 
KK excitations of the gluon, and two distinct towers of quarks, q* n and q° n , in 
proton-antiproton collisions at the Tevatron Run I and II energies in addition to 
proton-proton collisions at the Large Hadron Collider energy. The experimental 
signatures for these processes depend on the stability of the lowestdying KK 
excitations of the gluons and light quarks. We find that the Tevatron Run I 
mass bound for KK quark and gluon final states is about 350-400 GeV, while 
Run II can push this up to 450-500 GeV at its initial luminosity and 500- 
550 GeV if the projected final luminosity is reached. The LHC can probe much 
further: The LHC will either discover UED KK excitations of quarks and gluons 
or extend the mass limit to about 3 TeV. 
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1. Introduction 

The low-energy phenomenology of superstring-inspired models with large extra com- 
pact dimensions depends on the mechanism of new physics by which the Standard 
Model (SM) fields are constrained, if at all, to motion in the usual 3D wall (D3 brane) 
of the usual three spatial dimensions. It might naively be speculated that as more SM 
fields are free to propagate into the extra compact dimensions (the bulk), then the 
collider bounds on the compactification scale would significantly strengthen. A non- 
universal model where the gauge bosons propagate into the bulk, but the fermions 
are confined to the usual SM D3 brane, for example, does produce more stringent 
collider bounds than a model where all of the SM fields are confined to the D 3 brane. 
However, scenarios with universal extra dimensions (UED), in which all of the SM 
fields propagate into the bulk, have much weaker collider bounds. This is due to 
tree-level Kaluza-Klein (KK) number conservation, which dictates that colliding SM 
initial states can not produce single KK excitations and also forbids tree-level indirect 
collider effects. In the non-universal scenarios, the SM fields that are confined to the 
D 3 brane appear in the Lagrangian with delta functions, thereby permitting couplings 
that violate KK number conservation. 

Only the gravitons propagate into the extra compact dimensions in the class of 
models based on the approach of Arkani-Hamed, Dimopoulos, and Dvali (ADD) pQ, 
where the compactification is symmetric - i.e., all of the N extra dimensions have 
the same compactification radius R. The string scale Mjj is much smaller than the 
four-dimensional Planck scale Mp [2|, which are related by Mp = M^ +2 R N . Any SM 
fields that propagate into the bulk would have (KK) excitations with masses at the 10 
MeV scale or less. The non-observation of such states up to about a TeV implies, in 
this class of models, that all of the SM fields are confined to the usual SM D 3 brane. 
Hence, the only source of new contributions to collider processes arises from the KK 
excitations of the graviton. Although the contributions of individual KK modes, with 
4D gravitational strength, to collider processes is extremely small, a very large number 
of such modes contribute in a TeV-scale collider process because the compactification 
scale fi is so small (fi ~ mm -1 ~ 1CT 3 eV). The net KK effect can cause a significant 
deviation from the SM production rates. Bounds on the string scale from analyses of 
various collider processes are typically on the order of a TeV 011] for these symmetric 
compactification models. 

One way to permit some or all of the SM fields to propagate into the bulk is 
to relax the constraint that the extra compact dimensions be symmetric. Let us 
first consider the case where only the SM gauge bosons propagate into the bulk. 
As an example, it is possible to devise a model with asymmetrical compactification 
with five TeV _1 -size extra compact dimensions and one mm-size extra dimension, 
where the SM gauge bosons (and perhaps the Higgs boson) propagate into one of the 
TeV _1 -size dimensions. It was shown in Ref. [3] that this model satisfies all of the 
current astrophysical and cosmological constraints jHj. These asymmetric scenarios 
have a more direct effect in high-energy collider processes. Originating with the 
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suggestion by Antoniadis [7j , some of the studies that have been done for the collider 
phenomenology of the scenario in which the SM gauge bosons can propagate into 
the bulk, but where the SM fermions can not [S], include: the effects on electroweak 
(EW) precision measurements [H], Drell-Yan processes in hadronic colliders [TO], A i+ A i ~ 
pair production in electron-positron colliders [10 , EW processes in very high-energy 
electron-positron colliders [TT], and multijet production in very high-energy hadronic 
colliders [TJ]. The typical bound on the compactification scale is 1-2 TeV. 

The UED model, where all of the SM fields propagate into one or more extra 
compact dimensions, may intuitively seem more natural than selectively confining SM 
fields to the usual SM D3 brane. This scenario may be thought of as a generalization 
of the usual SM wall to a D3 + tv brane, where N represents the number of extra 
compact dimensions into which the SM fields propagate. In this universal model of 
Appelquist, Cheng, and Dobrescu 13J, KK number conservation governs all of the 
couplings involving KK excitations. In particular, each such vertex involves at least 
two KK excitations. At the tree-level, then, KK effects can not manifest themselves 
indirectly at colliders, and direct production is only possible in pairs of KK states. 
Although KK number conservation is broken at the one-loop level, the lowest-lying 
KK excitations of the light fermions and the massless gauge bosons do not decay to the 
SM zero-modes at any order without a special mechanism to support this decay. Thus, 
the lowest-lying KK excitations of the light fermions and the massless gauge bosons 
may be completely stable. Possible decay mechanisms have been proposed in the 
literature [T3*l ITU ITS]. Collider bounds for this universal scenario are comparatively 
light: The current mass bound [T3*l IT51 ITB] for the first KK excited modes is relatively 
low (~ 350-400 GeV). 

In this work, we make a detailed study of the collider implications of the universal 
scenario, in which all of the SM fields propagate into one TeV _1 -size extra compact 
dimension. More specifically, we calculate the cross sections for the pair-production 
of KK excitations of the gluons, g*, and two distinct KK quark towers, q' and q°, 
in proton-antiproton collisions at the Tevatron Run I and II energy in addition to 
proton-proton collisions at the Large Hadron Collider (LHC) energy. The signatures 
of these KK excitations depend on the stability of the lowest-lying KK excitations 
of the light quarks and gluons. We find that the Tevatron Run I mass bound for 
KK quark and gluon final states is about 350-400 GeV, while Run II can push this 
limit up to 450-550 GeV, depending on the luminosity. The LHC can probe much 
further: The LHC will either discover UED KK excitations of the quarks and gluons or 
extend the mass limit to about 3 TeV. The organization of our paper is as follows. We 
develop the key ingredients of our formalism in Section 2, which is supplemented by 
additional details in the Appendix. We also present the Feynman rules involving the 
KK excitations of the gluons and quarks. Section 3 contains our analytical expressions 
for the pair-production of KK excitations of the gluons and quarks. We treat the case 
of stable KK final states in Section 4. Here we present our results for the production 
cross sections of pairs of stable KK excitations, and discuss how to search for their 
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collider signatures. We discuss possible decay mechanisms in Section 5. Our results 
for the case where the pair-produced KK final states decay may be found here, along 
with methods of searching for this associated collider phenomenology. We present 
our conclusions in Section 6. 

2. Formalism 

We are interested in the collider implications of the universal scenario, in which all of 
the SM fields propagate into a single TeV _1 -size extra compact dimension. Our focus 
is on the tree-level parton subprocesses that involve the direct pair-production of KK 
excitations of gluons, g* : and two distinct KK quark towers, q' and q°. We begin by 
generalizing the usual 4D Lagrangian density to its 5D analog. We perform orbifold 
compactification and integrate over the fifth dimension y to obtain the effective 4D 
theory, which is the usual 4D Lagrangian density plus new physics terms involving the 
KK excitations of the quark and gluon fields. These new terms provide the masses 
of the KK modes as well as the Feynman rules for the vertices and propagators 
involving KK excitations. We develop the key elements of our formalism here, while 
supplementary details are included in the Appendix. 

We denote the 4D SM quark multiplets for one generation by Ql(x), £/j| M (x), 
and -D^ M (a;). For example, the first generation is: 



Each 4D state is a two-component Weyl spinor. The analogous 5D quark multiplets 
consist of massless four-component vector-like quarks, which we denote by Q(x,y), 
U{x,y), and D(x,y). When these 5D fields are decomposed into 4D fields, corre- 
sponding to each 4D field are a left-handed and right-handed zero mode. Each mode 
is a two-component Weyl spinor in 4 dimensions. Half of the zero modes, which are 
not present in the 4D SM, may be projected out via the simple orbifold compacti- 
fication choice, Si/Z 2 (Z 2 :y — > — y). The gauge fields polarized along the usual SM 
directions must be even under y — > — y such that the zero modes will correspond to 
the usual 4D gauge fields, which implies that the gauge fields polarized along the 
y direction must be odd. For the quark fields, each of the KK (n > 0) modes for 
each multiplet will have a left-chiral and right-chiral part. The Q^x), U^(x), and 
Dft(x) components must be associated with the part of Q(x,y), U(x,y), and D(x,y) 
that is even under y — > — y in order to recover the appropriate SM chiral zero mode 
states. The remaining components, Q^(x), t/£(x), and _D£(x), must be associated 
with the part of Q(x,y), U(x,y), and D(x,y) that is odd under y — > — y such that 
the zero modes not observed in the SM will be projected out. Each of the 5D multi- 
plets Q(x,y), U(x,y), and D(x,y) can therefore be Fourier expanded in terms of the 
compactified dimension y as 




(x) = d R (x) . 



(1) 
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The SM fermion masses arise from the Yukawa couplings through the Higgs vac- 
uum expectation value (VEV), while the KK modes receive mass from the kinetic 
term in the 5D Lagrangian density as well as from the Yukawa couplings via the 
Higgs VEV's. We first calculate the mass arising from the kinetic term. The 5D La- 
grangian density for the kinetic terms and interactions of the 5D gluon field A1 d (x, y) 
with the 5D Q(x,y) fields are: 

C 5 = iQ{x, y) {Y M [d M + ig 5 T a A a M (x, y)\ } Q(x, y) . (5) 

Here, g 5 is the 5D strong coupling, M is the 5D analog of the Lorentz index /i, i.e., 
M G {/i, 4}, and the 5D gluon fields A% I {x,y) can be Fourier expanded in terms of 
the compactified extra dimension y as: 
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(6) 
(7) 



The normalization of Aq(x 



is one-half that of the n > modes, necessary to obtain 
canonically normalized kinetic energy terms for the gluon fields in the effective 4D 
Lagrangian density ^7j. As previously stated, under the transformation y — > —y, 
the decomposed gluon fields transform as A®(x, — y) = A®(x,y) and A%(x, — y) = 
—A2(x,y). We choose to work in the unitary gauge, where we can apply the gauge 
choice Al n (x) = [H]. 

Integrating the kinetic part of Eq. © over the compactified dimension y yields 
the 4D Lagrangian density, and similarly for U(x,y) and D(x,y). This effective 4D 
Lagrangian density consists of the usual kinetic terms for the SM fields, kinetic terms 
for the massive Dirac spinors Q n (x), U n (x), and D n (x), and mass terms for the KK 
excitations with mass M^ K = n/R = n/i, where /x is the compactification scale, 1/R. 

Thus, in the absence of the Higgs mechanism, the KK excitations have masses 
given by M n = M^ K = n/R = n\i. Additional mass contributions from the Yukawa 
couplings of the 5D quark multiplets via the Higgs VEV's are obtained by writing the 
5D Lagrangian density for the couplings of the 5D quark multiplets to the 5D Higgs 
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field, Fourier expanding these 5D fields in terms of the compactified dimension y, and 
integrating over the extra dimension. The eigenvalues of the resulting mass matrix 
give the net mass M n of the KK modes in terms of the mass of the corresponding 
quark field M q and the mass from the compactification M% ■ 

M n = yJ{M™y + M*. (8) 

Relative to the compactification scale, the SM quark masses are negligible except for 
the top mass M t . 

The QCD interactions involving KK excitations include purely gluonic couplings 
as well as couplings with quark fields. The purely gluonic case was discussed in detail 
in Ref. ^2], and the resulting couplings are identical to those of this universal scenario. 
We therefore refer the reader to this prior work for these details, and concentrate 
on the couplings of quark fields to gluon fields. The Feynman rules for the QCD 
interactions involving the KK excitations of the gluons and the two towers of KK 
excitations corresponding to each of the quark fields can be obtained by integrating 
the second part of Eq. (j5J) over the compactified dimension y via Fourier expansion 
of the 5D fields in terms of y, and similarly for U(x, y) and D(x, y). 

Each KK g* and g° state is identified as a combination of Q, U, and D. In the 
limit of massless SM quarks, this combination can be expressed as: 

QIA*) = P ^,n ( ) » ^W*) = p **< » D Il{*) = Pn,Ld° n , (9) 

where the projection operators are defined as Pl,r = §(1 ~F 7s)- m general, there 
is an additional Yukawa contribution to the masses, in which the Ur and Ul fields 
contribute to the mass of the q* n via the Higgs VEV, and similarly for contributions 
to g° from Ql and Qr. For example, taking the SM c quark to be massless, the 
combination of the second-generation up-type quark component of the KK multiplet 
Q2l( x ) with the second-generation up-type quark component of Q2r( x ) is identified 
as the single KK charm quark c", which receives KK mass M n = nfi = 1/R from 
the kinetic term. There is a second KK tower corresponding to the SM charm quark, 
which comes from U^^x) and U^x), that we denote by c°. By g* we denote KK 
mode n of the gluon, and by q* and q° n we denote KK mode n of two distinct towers 
of KK excitations of a given SM quark field q. Each KK quark tower contains terms 
that are even and odd under Z2 parity. However, in KK quark pair production, 
the KK final states will be polarized with helicity corresponding to their even states 
(Ql(x), Ur(x), and D R (x))m the cross channels, and the components associated 
with the odd part of the 5D fields (Qr(x), Ul(x), and D L (x)) will only show up in 
direct channel production.* For KK quark-gluon production, the final KK states will 
again be polarized with helicity corresponding to the even states. This is because the 

*This relies on the expansion in Eq. ^\ which is valid for KK excitations of massless SM quarks. 
Massive KK quarks receive an additional small mass contribution from the Higgs mechanism. Also, 
recall that we are working in the unitary gauge with gauge choice, A% n (x) = 0. 
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projection operators ensure the conservation of Z 2 parity. Regarding our notation, n 
will be strictly nonzero unless we explicitly state otherwise. 

The detailed procedure for integrating over the fifth dimension y to obtain, in 
the effective 4D theory, the factors for the allowed vertices involving the q* n and q° 
fields may be found in the Appendix, and lead to the coupling strengths displayed 
in Fig. [T] The states with helicity corresponding to the odd states under Z 2 parity 
(Qr(x), Ul(x), and Dl(x)) only appear in couplings involving q' q' or and do 
not show up when a SM quark is present. A SM quark can only couple to KK states 
with helicity corresponding to the even states ((Ql(x), Ur(x), and D R (x)). The triple 
KK vertices with q* n and q° n fields involve the integration of three cosines for the even 
parts and one cosine and two sines for the odd parts. This latter integration results 
in a minus sign relative to the first one whenever the KK gluon is more massive than 
either KK quark, which results in the presence of a 75 in these vertices. Note also 
that the two towers q' and q° n do not couple to one another. The Feynman rules 
for the purely gluonic vertices are summarized in Ref. ^2]- Notice that a single KK 
mode can not couple to SM fields. This is a consequence of the more general tree-level 
conservation of KK number, which dictates that N KK modes, n 1 ,n 2 ,. . - ,n N , can only 
couple to one another if they satisfy the relation: 

\n 1 ± n 2 ± • • • ± n N _ 1 \ = n N . (10) 

KK number conservation strictly applies at every vertex, as well as for tree-level 
N —>■ M processes, but is broken at the loop-level. The higher modes can therefore 
decay to the lower modes at the loop-level, but the lowest-lying KK modes of the 
light quarks and massless gluons will be completely stable unless there exists another 
form of new physics to serve as a decay mechanism. We will return to this point in 
Section 5. 

The g* propagator is that of a usual massive gauge boson, shown here in the 
unitary gauge: 



-iA ab (v 2 ) = -i5 ab — ^2 ( I I ) 

Similarly, the q* n and q° n propagators have the form of a usual massive quark: 

-iAf (p 2 ) = i5 a ' b ' - ^ Mn . (12) 

n KP } p 2 - Ml + %M n Y n q 1 J 

The decay widths of the g*'s, g*'s, and g°'s depend on stability of the lowest-lying KK 
excitations of the up quark, down quark, and gluon. However, these decay widths are 
immaterial for production processes, since KK number conservation forbids any s- 
channel KK propagators from arising in tree-level subprocesses with initial SM fields. 

The mass of the g* also enters into the expression for the cross section via sum- 
mations over polarization states when external g*'s are involved. For the direct pro- 
duction of a g*, the summation of polarization states is given by 
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Figure 1: Relative coupling strengths of vertices involving g*'s and <j£'s. Only the overall 
factors are shown: These vertices also involve the usual SU(3) matrix element and the 
Dirac 7^ matrix. Here, n and m are distinct positive integers (n / m) and the projection 
operators are defined as Pl,r = (1 T 7s)/2- 
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Table 1: Subprocesses leading to double KK production at hadronic colliders. Not shown 
are subprocesses that are simply related by the exchange of a particle and antiparticle, as 
in M -> OnQn- 



£<&(M)4(M) = (-^+^F)*° 6 - (13) 



For the case of external g's, a projection such as 



E e r(M)4(M) 



- 9nu + 



(jj ■ k) (rj ■ k) 2 



S ab (14) 



can be made to eliminate unphysical longitudinal polarization states (and thereby 
satisfy gauge invariance), where rj u is an arbitrary four- vector. 

3. Pair Production of KK Excitations 

We have in mind the production of pairs of KK excitations of the gluons, and 
quarks, g* and g°, in proton- antiproton collisions at the Tevatron Run I or II energy 
or proton-proton collisions at the LHC energy. We focus on the parton subprocesses 
in this section and postpone numerical results to the following sections where the 
stability of the lowest-lying KK excitations is addressed. The various subprocesses 
are enumerated in Tabled We perform our calculations at the tree-level, and restrict 
ourselves to two final states. Due to KK number conservation, not only must the KK 
excitations be produced in pairs, but they necessarily have the same mode n, which 
is the same mode that any KK propagators will have. We neglect the quark masses 
except for the top mass M t , but neglect the content of top flavor in the colliding 
protons and antiprotons. Thus, the top quark only enters into the calculation of 
the cross sections for gg — > q^q^ and qq — > q' n q" n , and the analogous subprocesses 
for the g°'s. We also neglect the decay widths of all SM and KK particles in this 
section since massive propagators will not appear in the s-channel due to tree-level 
KK number conservation and our neglect of initial top quarks. We will incorporate 
the decay widths in the subsequent decay of the final states in Section 5, where we 
discuss possible mechanisms for the decay of the lowest-lying KK states. 
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Double KK gluon production subprocesses consist of gg — > g*g* and gg — >■ g^9n- 
The former subprocess involves direct-channel SM gluon exchange, cross-channel KK 
gluon exchanges, and the four-point interaction. The latter subprocess is unique in 
that there are five tree-level Feynman diagrams, which include direct-channel SM 
gluon exchange and cross-channel q' and q° exchanges. For the purely gluonic sub- 
process, the amplitude-squared,* summed over final states and averaged over initial 
states, is: 



E\M(gg 



9n9n) 



9t(Q) i 



t'v! 



3 + 2^-^ (3M 4 + s 2 ) - 2^- (3M 2 + 2s) 
t' 2 u' 2 K ' t'v! v ' 



(15) 



where the strong coupling constant g s is evaluated at the scale Q equal to the mass 
of the final state KK excitations M n , and v' represents subtraction of M 2 from the 
Mandelstam variable v G {s,t,u} (i.e., v' — v — M 2 ). We note that gg — > g*g* is the 
same in the UED scenario considered here as well as in a model where only gluons 
propagate into the bulk. However, each of the remaining subprocesses is different. 
The amplitude-squared for qq — > g*g* is: 
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(16) 



KK quark-gluon production results from qg — > g*g* an d 19 ~^ 1n9n- (We will not 
enumerate subprocesses that are simply related by particle- antiparticle replacement, 
such as qg — > g'fi^-) These subprocesses involve s-channel SM quark exchange, t- 
channel g* exchange, and ^-channel KK quark exchange. The square of the matrix 
element for qg — > q* n g* n is: 



Y,\M(qg ^ q'g* T , 



\ 2 = ^-9t(Q) 



5? 
12t' 



i i2 u' 
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llsv' 



hv' 2 v' 3 
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+ iF ). (17) 



The subprocess qg — > q^g* is identical to qg — > q'g^- That is, the sign of the 75 
matrix is not important in KK quark production unless both q* n and g° are involved 
in the same subprocess, e.g., in qq — > g*g* or qq — > q* n q° n . 

Subprocesses with identical final q' or q° n states feature t- and w-channel g* ex- 
changes. A relative minus sign represents the antisymmetrization of fermionic wave 
functions that originates from the interchange of identical fermionic states between 



*We employ FORM [T^l, a symbolic manipulation program, in the evaluation of the squares of 
the amplitudes. The expressions in Eqs. I|15[) - l|25[) agree with the results of |3(Jj . 
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the two diagrams. Notice that although a given SM quark q and its KK counterparts 
have different mass, they have the same fermionic properties that produces the minus 
sign for the antisymmetrization of wave functions. The amplitude-squared for q* n q* n 
production is: 



E\M(qq^q' n q' n ) 



1 

27 
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The identical result is obtained for q° n q° n production. 

Double KK quark-antiquark pairs with the same flavor can arise from initial 
gluons or quarks. The former case involves direct-channel SM gluon exchange and 
cross-channel KK quark exchanges. The latter case consists of s-channel SM gluon 
exchange, and, in the case of initial partons of the same flavor as the final states, t- 
channel g* exchange. For initial gluons, squaring the amplitude leads to the following 
expression for KK quark pair production: 



Y,\M(gg^q' n q' n )\ 2 = g* a (Q) 
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(19) 



where the only difference for the case of KK top pair production is adjustment of the 
mass via Eq. |H1 The amplitude-squared for KK quark-antiquark final states arising 
from SM quark-antiquark initial states, for which the flavor is the same in the initial 
and final states, is: 



Y,\M(qq-*q'q' rt 
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t' 2 t' s s 2 
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(20) 



This does not lead to KK top quark production since the top quark content of the 
colliding protons is negligible. The relative sign between the two diagrams again 
incorporates the antisymmetrization of fermionic wave functions corresponding to 
the interchange of two fermionic states between the two diagrams. When the final 
states have different flavors than the initial state, only the s-channel contributes. For 
the lighter flavors, this is simply the s-channel part of Eq. 



M: 
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(21) 
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Again, for top production, the only change involves correcting for the final state KK 
mass. The same results apply for q° n q° n production. 

For double KK quark production with different flavors in the final state, the 
result is the same as the corresponding case with identical flavors with the appropriate 
channel removed. That is, qq' — > q^Q'n is just the t-channel contribution to qq — > q* n q* n , 

^\M(qq'^q:q':)\ 2 =lgt(Q)^-M^+ 1 - + ^ , (22) 
while qq' — > q^' n is also the t-channel contribution to qq — ► 

£ I M(qq' - q' n q" n ) \ 2 = 1 gt(Q) (aM 2 ^ + 4^ + 8^ + , (23) 

and similarly for g° final states. 

Finally, it is possible to produce the mixed KK final states involving one q* n and one 
q° n . The projection operators conspire to nullify the interference term in qq — > g*g°. 
The differing signs of the 7s's also affect the t- and w-channel contributions. The 
amplitude-squared for this subprocess is: 



9t(Q) 



+ 2- 



t' z u 



2M 2 n s 2 
s i'u' 

+ 5 



s 



s 

) 

'i'u' 



(24) 



The six remaining mixed subprocesses, q' n q° w q° n q' w q' n q °, g°g * , g^g ° , and q° n q * , all are 
represented by the same t-channel diagram and have the same form as the t-channel 
contribution to Eq. 



Y>\M(qq'^q' n q" n ) 



g 9l(Q) 



M 2 f u' 
2-A 1 + — 
t' \ V 



/2 



5 u u 
2 + V + 2 ^ 



i' 2 



(25) 



It is not possible to produce mixed KK final states from initial gluons, nor is it possible 
to produce mixed KK final states of a different flavor from initial qq pairs. 

These amplitude-squared formulae do not contain any terms that grow with en- 
ergy, and the matrix elements for these subprocesses are tree-unitary. This has 
also been observed for the case in which only the gauge bosons propagate into the 
bulk [T2*l |2*U] . Note that the matrix elements of the individual diagrams with external 
gluons are not tree-unitary: There are delicate cancellations involved between indi- 
vidual diagrams, which ensures unitarity for the total amplitude. As an example, 
consider the subprocess, qq 9n9w which has both q* n and q° n propagators. The 
amplitude-squared for this reaction would not be tree-unitary if there were just a sin- 
gle tower of KK excitations of the quarks, or if the two towers q' and g° did not couple 
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left- and right-handedly to the SM quarks. This is another example of tree-unitarity 
for a class of massive vector boson theories other than the known spontaneously 
broken gauge theories [2Tj . 

4. Stable KK Excitations 

As previously discussed, the lowest-lying KK excitations of the light fermions and 
massless gauge fields may very well be stable. This is a consequence of KK number 
conservation (Eq.llOjh which is valid at all vertices and thus also at the tree- level. KK 
number is broken at the loop-level, but the lowest lying KK excitations of massless 
gauge bosons and the light fermions can not decay even at the loop level^ unless 
some new physics mechanism is introduced. The KK excitations of massive gauge 
bosons and heavier generation fermions can decay to lighter KK states and SM fields 
at tree-level. For any SM decay with a massless final state, such as Z —>■ uu, there 
are corresponding decays involving their KK excitations, such as Z* — > v\v. When 
the final states are massive the decay may be kinematically forbidden, depending on 
the compactification scale: For example, the t\ can not decay to W + b\ for a 400 
GeV compactification scale, but it can decay to W^*b. At the tree-level, KK number 
conservation results in increasing kinematic suppression of all decays involving KK 
excitations of massive SM fields with increasing compactification scale. Note also that 
the lowest-lying KK excitations of the quarks and gluons can not decay to their SM 
counterparts via graviton emission unless KK number is violated in such interactions. 
We consider the hadronic collider phenomenology of stable or long-lived n = 1 KK 
excitations in this section, then turn our attention to new physics mechanisms that 
may result in short-lived lowest-lying KK states and their associated phenomenology 
in the next section. By long-lived, we refer to lifetimes long enough such that the 
final state decay occurs beyond the detector. 

For stable KK final states, the production cross sections for the set of subprocesses 
{j} enumerated in the previous section are related to the squares of the amplitudes 
tabulated therein via: 

i l 

= ^ Yl dX B fa/ A (X A ,Q) hl B (X g ,Q) 

Pn Pn/x A 

f , El Mj I 2 1 / AM* . . 

hai^—r- (26) 

-1 

where S is a statistical factor (the number of identical final states) and p n = 4M^/s. 
The first summation is over the subprocesses {j} tabulated in the previous section, 

^Loop corrections may potentially create splitting between the masses of quark and massless 
gauge boson KK excitations 22,, allowing, for example, for decays such as g* — > qq^ or q* — > qj*. 
A short discussion of this case can be found in the next section. 
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while the second summation runs over all n for which pairs of final states with mass 
M n can be produced for a given collider energy <Js. The higher (n > 1) states produce 
only a slight effect (at the 1% level) due to their large mass.''' The cross sections for 
the higher modes are easily computed from the cross section expression for the first 
mode by simply replacing the mass of the first mode with that of the higher mode, 
which includes adjusting the scale Q to correspond to the higher mass. 

We evaluate the cross sections in Eq. with the CTEQ5 distribution func- 
tions and Q = M n in the parton luminosity. In Fig. |2l we present the cross 
section for the production of two stable KK final states for a given first excited KK 
mass M = fi = 1/R at the Tevatron proton-antiproton collider. In addition to the to- 
tal cross section, the contributions of KK gluon pair, KK quark-gluon, and KK quark 
pair production are plotted. For the case of double KK quark production, the final 
state consists of light quark KK excitations, but not the top quark, which can decay 
(e.g., t° — > W^*b). The production of KK quark pairs is dominant (not as much 
because the cross section for a specific process is much higher, but because there 
are many more processes involved), while the KK gluon pair and KK quark-gluon 
production rates are comparable. 

Stable, slowly moving KK quarks produced at colliders will hadronize, producing 
high-ionization tracks. The production of numerous heavy, charged stable particles 
will produce a clear signal of new physics. They will appear as a heavy replica of 
the light SM quarks, with both up- and down-type quark charges, but with two KK 
quarks corresponding to each SM quark. 

At the Tevatron Run I, searches for heavy stable quarks [2^] have set an upper 
limit of about 1 pb on the production cross section of such particles (for a mass range 
between 200 and 250 GeV). Using a naive extrapolation of the limits presented in 
Ref. [213 to higher mass values, we estimate a lower bound on the first excited KK 
mass of about 350 GeV (in agreement with Ref. JH])- For the projected initial (final) 
Run II (-\/i = 2 TeV) integrated luminosity, which will yield 2 (25) events for each 
10~ 3 pb of cross section, 100 events would be produced for a compactification scale 
of 450 GeV (550 GeV). In order to set definite limits on the mass of KK excitations 
at Run II, an analysis similar to the one performed for Run I is needed. An estimate 
of the Run II reach can be made by assuming that the limit on the heavy stable 
quarks production cross-section is driven by statistics. In this case, we can expect an 
improvement of around a factor of 10 in this limit, to 0.1 pb. Then, the nonobservation 
of heavy stable quarks will raise the lower bound for the mass of the first KK mode 
in the universal scenario to around 450 GeV. 

Much better prospects for the discovery of KK fields may be found at the LHC 
proton-proton collider, where the anticipated annual luminosity is 10 5 pb -1 . The 
cross-sections for the production rate of two stable KK excitations at the LHC energy 

^Furthermore, Q — m n for the n > 1 modes exceeds the compactification scale n, for which the 
running of a s (Q) transforms from a logarithmic to a power law behavior [23] . This has the effect of 
reducing the contributions of the higher order modes |24| to the total cross sections even further. 
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Figure 2: The cross section for the production of two stable KK final states is shown 
as a function of the KK mass for Tevatron Run I (top) and II (bottom). The solid 
curve corresponds to the total contribution, while the dashed lines represent the 
partial contributions of KK quark pair (□), KK quark-gluon (A), and KK gluon 
pair (V) production. Also shown is top production (+), which features a different 
collider signature (namely, the top will subsequently decay into additional states). 
Solid horizontal lines mark 100 events at the initial and final projected luminosities 
for Run II. 
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Figure 3: The same as Fig. |5J but for the LHC. The solid horizontal line represents 100 
annual events at the projected luminosity. 

are illustrated in Fig. El A dedicated study is required to find the exact reach of the 
LHC in this case, but, by requiring at least 100 events to be produced, we can estimate 
that the LHC will discover the first stable KK excitations if their mass is smaller than 
about 3 TeV. 

Thus, stable KK quarks and gluons of the UED scenario will either be discovered 
at the Tevatron Run II or the LHC, or the lower bound on their masses will be 
raised to around 450 GeV or 3 TeV, respectively. However, cosmological constraints 
require new physics to explain the existence of stable KK excitations in this mass 
range. This cosmological restriction can be lifted via a new physics mechanism that 
causes the lowest-lying KK excitations to have a lifetime that is short compared to 
the cosmological scale. We now focus on this possibility. 

5. Decay Mechanisms 

The lowest-lying KK excitations of the light fermions and the massless gauge bosons 
can decay into SM fields via new physics mechanisms that produce a violation in KK 
number conservation. Various decay schemes have been considered in the literature 
[H], [12], [IS]. However, provided that the KK excitations decay within the detector, 
the effect of a specific decay mechanism on the final state distributions presented here 
can be expected to be small. 

For purposes of illustration, we shall analyze in some detail the decay properties 
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of KK excitations in the fat brane scenario proposed in Ref. j!4j . In this scenario, 
the "small" universal extra dimension is assumed to be the thickness of the D 4 brane 
in which the SM particles propagate. In turn, this brane is embedded in a 4 + 
N dimensional space, in which gravity propagates. (In order to avoid drastically 
modifying Newton's law at the solar system scale, we require N > 2.) We take the 
gravity extra dimensions (call them {zi}) to be symmetric, with a compactification 
radius r much larger than the thickness of the fat brane R. The orbifold structure of 
the UED space in which the SM fields propagate can be imposed by using boundary 
conditions on the fat brane. The non-gravitational interactions are identical to those 
presented in the Appendix. The differences in this model lie in the interactions 
between gravity and the KK excitations of the SM fields, where KK number violation 
in such interactions will mediate the decays. The thick brane absorbs the unbalanced 
momentum that results from the KK number violation. 

The effective 4D interactions of the graviton fields with the SM fields and their 
KK excitations are obtained by the 'naive' (straightforward) generalization of the 
results in Ref. |3]. The Feynman rules for the couplings of the graviton fields to the 
UED fields are related to the corresponding couplings of the graviton fields to the 
SM fields by the form factor ^(xy) as introduced in Ref. [HJ [T3]. For example, the 
ql-q-G^ coupling is: 

Ag.-g-Gg = F n(x y )A q . q . Gj . , (27) 

where is the KK excitation of the graviton corresponding to mode k and x y = 
m y R = 2irk y R/r. Note that n is the mode of the KK quark field, while k y is the mode 
of the KK graviton field along the y direction. Thus, m y is the contribution of the y 
dimension to the graviton mass. As with the non-gravitational interactions, the KK 
quark field components associated with odd Z 2 parity (Qr(x), Ul(x), and Dl(x)) 
do not interact with the SM quark fields because of the presence of the projection 
operators. Thus, these KK fields associated with odd Z 2 parity can not decay to 
SM quarks and gravitons as indicated in Ref. [15J. The form factor, J- n (x), does not 
include the sine terms, and depends on the component of the graviton mass arising 
from the universal compact dimension only, k y . 

y/2 f nR ,i2irk y y ny 

Fn{x y ) = — dyexp( y —) cos(— ) . (28) 

irK J r K 

Our result for the modulus- square of form factor, 

\^y)\ 2 = ^ tA; t 1 + cos(vrx,)] (29) 



differs by the sign of the cosine term from the one in Ref. ^S], which is potentially 
significant, since it affects the leading behavior of the form factor in the critical 
regions: x y near zero (decay to light gravitons) and unity (decay to heavy gravitons). 
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The total decay width is obtained by summing over all possible graviton towers 
the partial decay width T n (x y , x z ), where x a refers to all of the extra dimensions, x y 
denotes the universal direction, and x z is exclusive to gravity: x\ = x\ + x 2 y . The 
form-factor appears as a multiplicative constant in the partial width: 

T n {x y ,x z ) = \ J*{x y )\ r' n (x a ) . (30) 

Replacing the KK sum with an integral over the density of graviton states [1J, we 
obtain: 



tot 



E 



2^ Ml M" 



p/ JV-1 ' 
G,* ^ 2 - 



2nR/r 



x 



N-2 



dx 7 V' 



(31) 



Here, Mp is the conventional 4D Planck scale, while is the (4 + iV")-dimensional 
Planck scale and should not be more than one or two orders of magnitude above 1/R 
|23j . Note that iV is the number of extra compact dimensions seen by the graviton, 
as opposed to the number of universal dimensions, which we take to be one. 

For completeness, we give here the partial decay widths appearing in Eq. 
These results are based on the three-point vertex Feynman rules given in Ref. [3], 
with the masses of all particles (except gravitons) set to zero.^ The decay of the q* n 
(or g° ) into a SM quark and a massive spin 2 graviton G a has partial width, apart 
from the overall form factor, given by: 



r'M - q G° 



K 



Ml 



768vr xi 



(l-xlY(2 + 3xl) 



(32) 



The q* n can also decay into one of iV(iV — l)/2 massive spin-0 particles, 

K(q'n - = 5^4^Ml(l - xlf , (33) 



256vr 



where to = y 3 ^ +2 ) • Finally, the g* can only decay into a SM gluon via massive spin 
2 graviton emission: 



- 9G° 



Ml 



96vr xi L 



l-^) 2 (l + 3^ + 6x 4 a ) 



(34) 



The decay widths of the q\ (or q°) and g*, integrated over the density of graviton 
states with the form factor as in the prescription of Eq. |^ are illustrated in Fig. |3J 
The distributions of the graviton mass and missing energy (graviton energy) in the 
rest frame of the decaying particle are shown in Fig. [HJ It is interesting to note that, 

^This does not mean that we neglect the KK mass of the particle decaying. Rather, this is a 
consequence of the fact that the mass terms in the Feynman rules in Ref. 0] come from mass terms 
in the Lagrangian that are absent in the 5-dimcnsional theory. 
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Figure 4: The decays of the q\ or q° (solid) and g* (dashed) into SM fields via graviton 
emission (spin 2 and scalar combined) are shown as a function of the compactification scale 
fi = M = 1/R for Mq = 5 TeV. The pairs of curves correspond to 2, 4, and 6 extra 
dimensions from top to bottom, respectively. 



in this scenario, when gravity propagates in two extra-dimensions (N = 2), the decays 
of KK quark or gluon excitations will be mediated mostly by very light gravitons, 
while for N > 3 the heavy graviton (mass of order fi) contribution will dominate (see 
the top of Fig. EJ). As a consequence, for N = 2 the missing energy distribution will 
have a peak at half the KK excitation mass, while with increasing N the distribution 
will shift toward larger values. Note also that all of these decays will occur within the 
detectors in the range of parameter space that we will explore and is depicted here. 

The collider signature for the production and decay of gluon or light quark (except 
the top) KK excitations in this model is SM dijet production with missing energy 
carried off by the gravitons. This production rate is related to the cross sections for 
the stable case and the differential branching fractions of the decaying KK states via: 



da t ot = y~] da prod (pp -> A B) (35) 

The sum is over the KK intermediate states, denoted by A and B. The spin correla- 
tions are not taken into account. The top case will be discussed separately. 

We consider the following two distributions of experimental interest in Fig. El 
the two-jets + missing energy cross-section as a function of the minimum transverse 
momentum, p™", of the jets (top), and the cross-section as a function of the missing 
transverse momentum, \p \ (bottom). The dependence of these distributions on the 
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Figure 5: The graviton mass distribution (top) and missing energy distribution (bottom) 
of the q* or (solid) and g* (dashed) are illustrated for \i = 500 GeV and Mo = 5TeV. 
The pairs of curves correspond to 2, 4, and 6 extra dimensions. 
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Figure 6: The total cross section for the dijet production plus missing energy from decaying 
KK final states (top) and the missing transverse momentum | fa | distribution (bottom) are 
shown for 2, 4, and 6 extra dimensions. The compactification scale is 1 TeV in the bottom 
figure, while 1 and 2 TeV are shown in the top figure. No cuts are implemented in these 
graphs, such that the total area under each curve is equal in the bottom graph. (However, 
all cuts are implemented in the following figures.) 
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number of extra dimensions in which gravity propagates (or on the decay mechanism) 
is encoded in the mass distributions of the gravitons which mediate this decay. For 
example, if the quark (or gluon) KK excitations decay mostly to light gravitons, the 
distributions will look like the curves corresponding to N = 2 in Fig. El Conversely, 
in the case when the KK particles decay to heavy gravitons, these will take almost 
all available momentum, leaving very little for the two observable jets. Hence, the 
cross section drops faster with increasing minimum transverse momentum, p™ 1 ", and 

the missing transverse momentum, | fc T |, distribution shifts toward zero with the 
increase in N. Signals for decays mediated by a different mechanism will fit somewhere 
among these curves, depending on what fraction of the decays favor light versus heavy 
gravitons. 

The dependence of the cross section on the mass of the KK excitations for different 
p T cuts is shown in Fig. [7| for the Tevatron Run II and Fig. |H] for the LHC For 
illustration, the values of N = 2 and N = 6 for the number of extra dimensions have 
been used. Note that the case N = 6 is the least favorable to direct observation, 
since the heavier the graviton mass, the lower the transverse momentum of the quark 
or gluon jets will be. Beside the cuts specified in the figure, we also require that the 
rapidity be limited to the range | y | < 2.5, and the two observable jets be separated 
by a cone of radius larger than R = a/ (A</>) 2 + (Ar/) 2 = 0.4, where (f) is the azimuthal 
angle and rj is the pseudorapidity, which is related to the polar angle 9 via rj = 
— lntan(#/2). Requiring for direct observation at least 100 events with p T > 50 GeV 
at Tevatron and p T > 400 GeV at LHC, respectively, we see that the Tevatron reach 
extends to about 550 GeV, while at LHC KK excitations can be discovered in this 
model for values of the compactification scale as high as 3 TeV. We assume here that 
cuts on missing transverse momentum (Fig. EJ) are used to greatly reduce the SM 
background. 

We present here some comments on the SM background. There are many SM 
processes which can give rise to a dijet signal with missing energy. Some examples 
include WZ, ZZ, qqZ and ti production, where neutrinos arising from Z and W, for 
example, carry off the mising energy; also 2^2 QCD processes with missing energy 
due to the mismeasurement of jet energies. Of course, cuts on the minimum pt of the 
jets and on the missing transverse energy can be implemented to greatly improve the 
signal-to-background ratio. A complete analysis of SM backgrounds (including the 
optimization of cuts) is beyond the purpose of this paper. However, for illustration, 
we consider the specific cuts in Table II. For example, for p™ m = 600 GeV and 
| p T \ > 1200GeV at the LHC, the SM background has been evaluated in Ref. [27| to 
be ~ 40 events for 10 5 pb _1 luminosity, while the signal would be 600, 2000, and 50 
events for N = 2 and compactification scale M = 1,2, and 3 TeV respectively. For 
N = 6, the signal would be 30, 130 and 10 events, for the same values of M. We see 
that the signal is larger than or comparable with the background in almost all of these 
cases (N = Q,M = 3 TeV is borderline). Moreover, these cuts can be optimized in 
order to enhance the signal-to-background ratio. For example, in the case of M = 1 
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Figure 7: The total cross section for the dijet production plus missing energy from decaying 
KK final states at the Tevatron Run II energy is illustrated as a function of \x for fixed p™ in 
(top) and as a function of the minimum transverse momentum p™ n for fixed values of the 
compactification scale fi (bottom). Solid horizontal lines mark 100 events at the initial and 
final projected luminosities. In this and the following figures, we implement cuts on the p T , 
rapidity, and separation of the jets. 
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Figure 9: The missing transverse momentum distribution is illustrated for Run II of the 
Tevatron (top) and the LHC (bottom). The three curves represent 2, 4, and 6 extra dimen- 
sions. By | fa \ we denote the vectorial sum of the transverse momentum of the two emitted 
gravitons (which is equal and opposite to that of the quarks). The compactification scale 
and minimum transverse momentum are 400 GeV and 50 GeV for the Tevatron and 1 TeV 
and 200 GeV for the LHC, respectively. 
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TeV, the 1200 GeV cut on the missing transverse energy is too hard (this is why so 
few events remain) , and by relaxing it the signal can be increased substantially 

Finally, we consider the production and decay of KK excitations of the top quark. 
As seen from Fig. |21 the cross-section for this process is less than 1% than the total 
KK excitation production cross-section. However, if the mass of first KK tower is 
smaller than about 1 TeV, there will be of order 10 KK top pair events produced 
at LHC Unlike the other KK excitations, the t* can also decay to W + *b. For /i < 1 
TeV, the decay to W + *b is dominant (unless iV = 2; in this case, we need /i < 0.4 
TeV). Furthermore, the W + * can decay either into W + graviton, in which case the 
signal for this process will be hhW + W~ in the final state, plus missing energy; or into 
d'u, for example, in which case the signal could be two b jets plus four light quark 
jets plus missing energy. 

The results discussed thus far apply to the case when the first KK excitations of 
quarks and gluons have nearly the same masses. This is true at tree level; however, 
radiative corrections can lift this mass degeneracy (221- I n this situation, the decays 
of the first KK excitations can proceed through cascades to the lightest KK particle 
(LKP). For example, if the LKP is the 7* (as in [22]), the g* can decay through 
fln — > IQn ~^ qqrf ■ The case when the LKP is stable has been analyzed in Ref. 
[2H] and the collider phenomenology has been found to be very similar to that of 
supersymmetry with an almost degenerate spectrum. Here we want to comment 
on the possibility that the LKP decays through a gravity mediated mechanism, as 
discussed above in this section. In this case, the collider signal will be an excess of two 
photon events instead of two jets (or two leptons, if the LKP is an I', for example). 
Moreover, since the momenta of the SM particles radiated in the process of cascade 
decays to the LKP (the two quarks in the g* decay example above) should be rather 
small (of the order of the mass splitting between the different KK excitations), the 
momentum of the LKP wil be nearly the same as the momentum of the KK particle 
initiating the decay (the q* n or g*). Then the pt and missing energy distrinutions of 
the two photon (or two lepton) events will be the same as the distributions computed 
above for the dijet case. We leave a more complete analysis (including branching 
fractions for gravity mediated decays versus cascade decays to the LKP) to a future 
paper 

6. Conclusions 

In this work, we have investigated in detail the phenomenology of the UED model, 
which is a class a class of string-inspired models in which all of the SM fields can 
propagate into one TeV-scale extra dimension. Specifically, we calculated the effects 
that the KK excitations of the quarks and gluons have on multijet final states at 
high energy hadronic colliders including the LHC and Tevatron Runs I and II. We 
performed these calculations for the case where the lowest-lying KK excitations of the 
light quarks and gluons are stable, as well as the case where they decay within the 
detector. For the decaying scenario, we examined a scenario in the context of a fat 
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Table 2: SM background and UED signals with p T > p c ^\ /E T > 2p c ^ (for 10 5 pb~ 4 
at LHC). 

brane that may provide enough KK number violation to accommodate lifetimes that 
would be consistent with cosmological observations without resulting in a significant 
production rate for single KK final states. We presented a detailed evaluation for the 
fat brane scenario, and also illustrated the dependence of our results on the decay 
structure. 

Our results for proton-proton collisions at the Tevatron Run I place the mass 
bound for the first excited KK states at 350-400 GeV. For the Run II energies, the 
mass bound can be raised to 450-550 GeV. Proton-antiproton collisions at the LHC 
energy can probe much further: UED KK excitations will either be discovered or the 
mass limit will be raised to about 3 TeV. If the UED compactification scale is less than 
1.5 TeV, then at the LHC energy we might be able to see the first two KK excitations 
of the quarks and gluons, thereby uniquely establishing the extra-dimensional nature 
of the new physics. 

The signatures of the production of UED KK excitations will be vastly different 
for short-lived and long-lived states. Stable, slowly moving KK quarks produced at 
colliders will hadronize, resulting in tracks with high ionization. The production of 
numerous heavy, charged stable particles will produce a clear signal of new physics. 
They will appear as a heavy replica of the light SM quarks, with both up- and down- 
type quark charges, but with two KK quarks corresponding to each SM quark. The 
two towers, g*and g°, will be polarized with opposite chirality for all cross-channel 
processes due to Z 2 parity conservation. If the KK excitations of the light quarks 
and gluons are short-lived, then the signal will be SM dijet production with missing 
energy carried off by the emitted gravitons. This missing energy significantly reduces 
the SM background. The production of the lowest-lying KK excitations of the gluons 
and light quarks gives rise to only dijets plus missing energy (due to the escaping 
gravitons), and no multijet signals (at order a|). Such final states will distinguish 
this new physics from super symmetry, which will produce multijet final states in 
addition to dijets. 
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Appendix 

We begin with the UED 5D Lagrangian density. The procedure for obtaining the 
effective 4D theory is to Fourier expand the 5D fields in terms of the extra dimension 
y, and then integrate over y. Here, we will begin by obtaining the mass contributions 
to the KK excitations from their kinetic terms as well as their interactions with the 
Higgs potential. We will then proceed to derive the complete set of interactions 
between the KK excitations of the quarks and gluons. We will not discuss purely 
gluonic interactions, which were described elaborately in Ref. [T2*] . 

Each of the 5D multiplets Q(x,y), U(x,y), and D(x,y) can be Fourier expanded 
in terms of the compactified dimension y, restricted in an S1/Z2 orbifold, as 



Q(x,y) 

U(x,y) 




00 

+ V2 J2 [QIW «* (f ) + Q n R (x) sin (!|) 



L 7i=l 

00 



u R {x) + [K(x) cos (^) + E/J. 



x) sin 



71=1 

00 



ny 
R 




1 I 

D(x, V) = -T=\ dn{x) + [D n R (x) cos (^) + Dl(x) sin 

* ^~ I n=l 



where Ql,r(x) = I^TTs)?'^) as ^ n Eq. Eland 75 is the usual 4D Dirac matrix. Note 
that the decomposition in Eq . ' s l3*oTl3*%l gives the correct SM zero mode chiral structure 
for the fermions. Similarly, the gluon field Am{x, y) can be Fourier expanded as: 



A a u (x,y) 




^ (x) + v / 2^^ jn (x)cos(^ 

n=l 

00 

E A 4 a >)sm(^). 



(39) 
(40) 



71=1 



Under the transformation y — > —y, the decomposed gluon fields transform as —y) 
A a ^(x,y) and A%(x, —y) = —A%{x,y). Notice that Z 2 parity and KK number are con- 
served in the interactions involving the gauge fields and fermions. We choose to work 
in the unitary gauge, where we can apply the gauge choice A[ 



X 



1181. 



The primary contribution to the KK masses stems from the kinetic term in the 
Lagrangian density: 

C 5 = iQ(x,y) {T M [d M + tg 5 T a A a M (x,y)}} Q(x,y) . (41) 
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There are similar terms for the other 5D multiplets. Here, g B is the 5D strong coupling 
and M is the 5D analog of the Lorentz index /i, i.e., M e {/x, 4}. Integration of the 
kinetic terms in Eq. (J41j) over the compactified dimension y results in: 



ttR 



i Q(x,y)T M d M Q(x,y)dy 



(u(x)d(x)) L 'fd ll 



u(x) 
d(x) 



X) 



(42) 



n=l 



+ »^02(a:)^)+i s Q5(a:)02(x) 



There are similar expressions for the U(x, y) and D(x, y) multiplets. The mass of the 
KK excitations are identified as n\i, where [i is the compactification scale (/i = 1/-R). 
Thus, in the absence of the Higgs mechanism, the KK excitations have masses given 
by M n = n/R = rifi. The corresponding mass matrix is: 

I o\(Q n (x) 

-2. \ U n (x) 



(Q n (x),U n (x)) 



where Q n (x) represents the upper component of the doublet, with charge 2/3. Note 
that there is no mixing between the different KK levels, i.e., between Q n (x) and 
Q m (x) for n ^ vn. 

Additional mass contributions arise from the Yukawa couplings of the 5D quark 
multiplets via the Higgs VEV's: 



kR 



[X 5 u Q(x, y)ia 2 H*(x, y)U(x, y) + X 5 d Q(x, y)H(x, y)D(x, y) + h.c] dy 



o 

% \ M u 



U[X) 



X 



+ Xu 



)u(x)+J2[Q n MU^x) + Q n R (x)U] 

n=l 
oo 

u(x)u(x)h(x) + X: [Ql{x)U n R {x) + Q n R (x)U2(x)] h{ 



(43) 



X) 



n=l 



A^terms > , 



where X u = X^/y/irR and M u = X U <H>. The (Q n (x), U n {x)) mass matrix, including 
these Yukawa contributions as well as the kinetic terms, is: 

Q n {x) 
U n (x) 



(Q n (x),U n (x)) 



- M 

R lvl i 



R 



The eigenvalues of the this mass matrix give the net mass M n of the KK modes 
in terms of the mass of the corresponding quark field M q and the mass from the 
compactification n/R: 



n 



+ M 2 . 
R 2 q 



(44) 
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We redefine the U n (x) field by U n (x) — > ^U n {x). In our subsequent calculations, we 
neglect the SM quark masses except for the top mass M t . 

The interactions between the 5D Q(x,y) fields and the 5D gluon fields A a M {x,y) 
are given by: 



R 

Mrpa ACL 



- g 5 J Q(x, y)T M T a A a M (x, y)Q(x, y)dy 
o 

_ oo 

-9 {q L (x)rT a q L (x)A« }0 (x) + £ [Q n L (x)^T a Ql(x) + QfcfT*Q? l (x)] A a ^{x) 

n=l 

oo 

+ [q L {x)rT a Q n L {x) + Ql(x)rT a q L (x)} A» n (x) (45) 

n=l 
.. oo 

n,m,£=l 

+ g^(x) 7 ^T a Q™(x)(^| m _ n |-^ m+n )]^} , 



where g = g^/\fnR. There are similar interactions involving the U and Z) fields. In 
terms of the q' and q° n fields (Eq. EJ), the interactions are: 



dm = - 9 {q(x)YT a q(x)A« fi (x) + ]T [q' n (x)^T a q' n {x) + q° n (x)^T a q° n (x)] A^x) 

n=l 

oo 

+ E l<lL(x)YT a q- n (x) + q' n {x)YT a q L {x)} A« >n (x) 

n=l 
oo 

+ E iUx)l»T a q° n (x) + f n (x)^T a q R (x)} A a u>n (x) (46) 

n=l 

oo 

+ 7f E [-^(^)7 /i 75T^(x) + g:(x)7^5TX(^)]^^ m+ n 

n,m,£=l 
oo 

+ 77f E K(^)7 M TX(^)+C(^T^(x)]^^| m „ n ||. 



n,m,£=l 

The relative coupling strengths are summarized in Fig. ^ 
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